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Large scale exploitation of geothermal energy has been attempted in relatively few areas of the world. Most of the known geothermal fields are of the so-called liquid-dominated type-producing a mixture of hot brines and steam. According to White and Williams (1975, Table 26 ), the identified liquid-dominated geothermal systems have a much larger heat content than the identified vapor-dominated systems, 715 X lo'* cal vs 26 X 10l8 cal, respectively. However, most geothermal power at the present time is generated from vapor-dominated systems-producing only steam. and Larderello with 381 MWe in Italy are the best known examples. The reason for this is that the development of geothermal power from liquid-dominated systems is technically more difficult than from vapor-dominated systems. Some of the main problems encountered with liquid-dominated systems are: masses of fluids must be produced to generate a given amount of electrical energy; (b) corrosion of well casing and piping may be excessive; (c) precipitation of minerals from the brines may be considerable; (d) large pore pressure drops in the reservoir rock may result in subsidence at the ground surface.
The Geysers, with 502 MWe in California, (a) larger None of the presently producing liquid-dominated geothermal fields has been adequately documented in the literature. on the technical problems encountered in field exploration and development activities and how these difficulties were solved. In addition, an understanding of the behavior of these systems under full-scale development is lacking.
There is only scant information A significant number of the high temperature (T > 15OOC) liquid-dominated systems in the United States are located in the Imperial Valley of California. Just across the border in Mexico lies Cerro Prieto, which is in the same geologic province (Salton Sea-Sea of Cortez Trough) as the Imperial Valley (Figs. 1 and 2 ) . of electric power in 1973. wealth of information has been collected by Mexican scientists and engineers. These include much data on the geological and geophysical characteristics of the area as well as chemical properties of the produced fluids. Geophysical and lithological logs, production data, wellhead temperatures and pressures, downhole temperatures and pressures are available for most (about 5 0 ) of the existing wells ( Figs. 3 and 4 ) . This is a liquid-dominated field which began generating 75 MW Early exploration efforts began in 1959 and a 1.1 HISTORY
The proximity of Cerro Prieto to the Mexican-American border and the level of activities currently under way and planned for the future make this geothermal field an ideal project for an international program of cooperative investigations. thermal field was first discussed between Dr. Paul A. Witherspoon of the Lawrence Berkeley Laboratory (LEiL), University of California, and Ing. Jorge Guiza Larnbarri and Ing. Bernard0 Dodnguez Aguirre of the Comisi6n Federal de Electricidad of Gxico (CFE), during the "Second United Nations Symposium on the Development and Use of Geothermal Resources" held in May 1975 in San Francisco, California.
The idea for such a program to study the Cerro Prieto geo- Ing. Alonso CFE i s a c t i v e l y involved i n a l l tasks covered by t h e agreement (i.e., geologic, hydrogeologic, geophysical, geochemical, subsidence, and r e s e r v o i r engineering s t u d i e s ) . The Direcci6n General de Estudios d e l T e r r i t o r i o Nacion a l (DETENAL) is i n charge of the f i r s t order l e v e l i n g surveys. The Centro de Investigaci6n C i e n t i f ica y Educaci6n' Superior de Ensenada (CICESE) i s involved i n p a s s i v e seismic surveys a t Cerro Prieto. Ele'ctricas ( I I E ) is performing f e a s i b i l i t y s t u d i e s on t h e p o s s i b l e r e i n j e c t i o n of geothermal b r i n e s . this i n t e r n a t i o n a l p r o j e c t . The I n s t i t u t o de Investigaciones CONACYT i s a s s i s t i n g CFE i n i n s t i t u t i o n a l a s p e c t s of 1.3 ORGANIZATION OF DOE PARTICIPATION P a r t i c i p a t i o n i n t h e agreement by t h e United States is being directed by t h e Division of Geothermal Energy (DGE) of DOE. A t t h e preisent t i m e , D r . Allan J. Jelacic i s t h e U. S. Coordinator of t h e agreement, r e c e n t l y replacing D r . Leland L, Mink who w a s t h e first t o serve i n t h i s capacity. n i c a l coordination of t h e U. S. a c t i v i t i e s is being carried out by LF3L. Dr. Paul A, Witherspoon i s t h e U. S . Alternate Coordinator, a s s i s t e d by Dr. Marcel0 J. Lippmann and Mr. Harold A. Wollenberg as Technical Coordinators of t h e agreement.
The o v e r a l l tech-Various U. S. organizations are involved i n t h i s i n t e r n a t i o n a l p r o j e c t . DOE is funding and managing t h e o v e r a l l U. S. involvement a t Cerro P r i e t o . The Earth Sciences Division of LBL i s a c t i v e i n m o s t of t h e t e c h n i c a l a s p e c t s of t h e agreement, The U. S. Geological Survey (USGS) is involved i n geochemical surveys (Water Resources Division a t Sacramento, and Topographic Division a t Menlo Park). The University of C a l i f o r n i a a t Riverside (UCR, I n s t i t u t e of Geophysics and Planetary Physics) is performing mineralogic and p e t r o l o g i c s t u d i e s on rock samples provided by CFE. 2 2.0 TECHNICAL PROGRAM I n t h i s s e c t i o n t h e o b j e c t i v e s , general scope, and programs of t h e various t e c h n i c a l tasks a r e discussed.
GEOLOGY-HYDROGEOLOGY
Organizations involved: W E , LBL, UCR Objective: Define t h e geologic s t r u c t u r e and hydrogeologic regime of t h e Cerro P r i e t o f i e l d .
General Scope
About 50 deep w e l l s have been completed i n t h e geothermal area. Geophysical well l o g s , l i t h o l o g i c logs, c u t t i n g s and cores are a v a i l a b l e from most of t h e w e l l s . surrounding Mexicali Valley has been c o l l e c t e d by t h e Secretaria de Agricultura y Recursos Hidr6ulicos. The a n a l y s i s of t h e geophysical and l i t h o l o g i c logs may r e s u l t i n t h e c o r r e l a t i o n of various l a y e r s across t h e f i e l d and t h e d e t e rmination of major geologic and sedimentary s t r u c t u r e s . The d e t a i l e d mineral o g i c and p e t r o l o g i c a n a l y s i s of c u t t i n g s and cores may i n d i c a t e zones of d i ff e r e n t temperatures and areas of recharge o r discharge of geothermal f l u i d s . An open-file d a t a bank has been e s t a b l i s h e d t o aid f u r t h e r s t u d i e s of t h i s and similar geothermal fields.
A l a r g e volume of d a t a on shallow groundwater w e l l s i n t h e This t a s k i s i n t i m a t e l y r e l a t e d t o t h e geophysical, r e s e r v o i r engineering, and geochemical s t u d i e s being c a r r i e d o u t under t h e agreement.
Work Program
Geophysical w e l l logs w i l l be analyzed t o e s t a b l i s h d i f f e r e n t marker beds i n t h e reservoir and caprock. Correlation of t h e s e l a y e r s between w e l l s w i l l be done using v i s u a l techniques and i n some instances computer codes a f t e r t h e logs have been d i g i t i z e d . been presented i n a r e p o r t by Noble e t al., (1977) . P a r t i a l r e s u l t s of these c o r r e l a t i o n s t u d i e s have P e t r o l o g i c a l i n v e s t i g a t i o n s of t h e cores and c u t t i n g s obtained from t h e CFE core c o l l e c t i o n w i l l be made. These s t u d i e s w i l l include binocular-microscope and thin-section examination, X-ray d i f f r a c t i o n determination of minerals, cathodoluminescence analyses, f l u i d inclusion s t u d i e s , and microprobe analyses.
Some r e s u l t s have been presented i n a number of r e p o r t s and papers by UCR authors (Elders e t a l . , 1977; Elders e t al., 1978; Hoagland and Elders, 1978; Olson and Elders, 1978) .
t h e Cerro P r i e t o area w i l l be developed based on t h e newly-available informat i o n gathered during t h e first year of t h e agreement. on Cerro P r i e t o , provided mainly by CFE, is continuously being incorporated i n an open-file data bank. An e a r l y r e p o r t l i s t i n g a l l a v a i l a b l e information w a s prepared by Lippmann e t al., (1977) .
A preliminary geologic and hydrogeologic model of
Technical information
As a better understanding of the geologic characteristics of the field is obtained, the effort in this task will be restricted to updating the models of the geothermal field. As new wells are completed, logs and samples gathered will be analyzed and integrated into the models of the area. might eventually be extended to cover larger regions of the Mexicali and Imperial Valleys. 
General Scope
Geophysical studies of the Cerro Prieto area began in the early sixties. Between 1961 and 1963 gravimetric and refraction seismic surveys were made. In 1965, 50 shallow wells were drilled for heat flow determinations. An aeromagnetic study of the area was completed in 1972. The first electrical resistivity surveys at and around the geothermal field were made in 1972 and 1975. The information collected from these earlier studies are available and will be reinterpreted in light of results of new surveys and wells. potential, magnetotelluric, gravimetric, precise-gravity, and passive-seismic surveys will be made and interpreted to define the geologic structure of the field. Periodic resurveying of the area (possibly on an annual basis) may determine changes in some field characteristics which could be related to geothermal fluid production. duction rates and surface subsidence measurements. The use of different geophysical techniques will permit evaluation of the various methods for studying liquid-dominated geothermal systems under large-scale fluid production.
Resistivity, self-These variations may then be correlated with pro-
Work Program
Interpretation of some of the available Schlurnberger resistivity studies using computer models is in progress (Wilt and Goldstein, 1978) . Resistivity (Schlumberger and dipole-dipole arrays) and magnetic surveys will be run along several west-east trending lines traversing the geothermal field and surrounding areas (Razo et al., 1978) . Self-potential and magnetotelluric surveys will be carried out to evaluate these methods in studying producing liquid-dominated systems (Corwin et al., 1978) . Seismometer arrays for passive seismic studies have been temporarily installed in the field to complement the data being recorded at permanent stations located near the field (Reyes et al., 1978) . Precise gravity measurements have been carried out at specially constructed, permanent stations within and outside the producing area. collected in this and other tasks, preliminary geologic models of the field will be constructed.
Based on the data
As i n t h e geology-hydrogeology s t u d i e s , l a t e r on t h e main e f f o r t w i l l be i n updating t h e models of t h e f i e l d and i n studying areas not covered before. The r e s i s t i v i t y and p r e c i s e g r a v i t y s t a t i o n s w i l l be reoccupied p e r i o d i c a l l y . The permanent seismic s t a t i o n s w i l l be monitored on a continuous b a s i s . -
RESERVOIR ENGINEERING
Organizations involved: CFE, LBL Objective: Determine t h e s i z e , geometry, and physical charact e r i s t i c s of t h e reservoir using w e l l t e s t i n g and laboratory techniques.
General Scope
Production data (flow rate, wellhead temperature, pressure and f l u i d enthalpy) as w e l l as downhole temperature and pressure logs are a v a i l a b l e f o r m o s t of t h e w e l l s . I n t e r p r e t a t i o n of w e l l interference tests and two-rate flow tests w i l l disclose some of t h e hydraulic p r o p e r t i e s and flow boundaries of t h e producing reservoir. A number of physical p r o p e r t i e s w i l l be measured on core samples i n t h e laboratory under elevated temperature and pressure cond i t i o n s . H e a t and m a s s t r a n s f e r i n t h e reservoir w i l l be numerically modeled t o simulate t h e behavior of t h e geothermal f i e l d under large-scale production and long-term w e l l tests.
Work Program
Computer models w i l l be used t o match t h e water l e v e l v a r i a t i o n s i n an observation w e l l (M-6) i n response t o f l u i d e x t r a c t i o n i n t h e main area of t h e f i e l d . cent t o t h e present production area as new w e l l s are being developed. term two-rate flow tests w i l l be made i n some of t h e producing w e l l s . Permeab i l i t y , thermal conductivity, shear and compressional wave v e l o c i t i e s w i l l be measured i n cores under high temperature and pressure conditions. Reservoir behavior w i l l be simulated using numerical models. w i l l be compared with f i e l d d a t a t o v a l i d a t e t h e models and t h e i r a b i l i t y t o p r e d i c t f u t u r e reservoir behavior.
Long-term w e l l i n t e r f e r e n c e tests w i l l be c a r r i e d o u t i n zones adja-Short Results of these models
REINJECTION

Organizations involved: CFE, I I E , LBL
Objective: Establish t h e f e a s i b i l i t y of r e i n j e c t i n g geothermal b r i n e s i n t o t h e r e s e r v o i r .
General Scope
A t t h e present t i m e , t h e electric power production of 75 MW requires d i s -Concurposal of about 1,700 metric tons of hot brine i n an evaporation pond. r e n t l y , r e s e r v o i r pressure i s decreasing. The problems of b r i n e disposal and 5 reservoir pressure drops w i l l increase as new power p l a n t s are put on l i n e . The f e a s i b i l i t y of r e i n j e c t i n g some or a l l of t h e b r i n e t o recharge t h e geothennal r e s e r v o i r w i l l be studied. These s t u d i e s w i l l analyze f u t u r e temperat u r e s of t h e produced f l u i d s , reservoir pressures, possible ground subsidence, and chemical r e a c t i o n s between t h e r e i n j e c t e d brine and both t h e native f l u i d s and reservoir rocks.
Work Program
Computer simulation s t u d i e s w i l l be made using a s i m p l i f i e d model of t h e Cerro Prieto system t o analyze t h e temperature and pressure v a r i a t i o n s r e s u l ti n g from i n j e c t i n g colder waters i n t o t h e r e s e r v o i r (Tsang e t a l . , 1978). An annotated bibliography on r e i n j e c t i o n w i l l be completed (Mercado e t a l . , 1978). Studies on water incompatibility, c o l l o i d a l s i l i c a , and brine modification w i l l be i n i t i a t e d . Additional computer simulations w i l l be made, possibly including chemical r e a c t i o n s and computation of ground surface deformations which may accompany f l u i d i n j e c t i o n . A f i e l d test involving a deep w e l l may be started i n t h e latter part of 1979. , 1977) . Geothermal waters, geothermal gases, shallow groundwater and surface waters w i l l be analyzed for trace elements and isotopes t o e s t a b l i s h some of t h e p h y s i c a l and chemical processes taking place and t o determine t h e age and 6 sources of the geothermal fluids (Truesdell and Mson, 1978) . Oxygen and carbon isotope ratios of calcite from cuttings and cores will be determined to estimate temperature of reaction and water-rock interactions in the geothermal system (Elders et al., 1977; Olson and Elders, 1978) . The results will be incorporated into a geochemical model of the geothermal reservoir. 
General Scope
The Salton Sea-Sea of Cortez Trough, where the Cerro Prieto field is located, is a tectonically active area. Imperial Valley in the United States indicate natural vertical ground deformations in the range of a few centimeters per year. Localized horizontal tectonic movements of a few millimeters per year have also been measured (Lofgren, 1974) . Periodic monitoring of regional and local survey nets may permit differentiation between ground movements at Cerro Prieto related to the production of geothermal fluids from ground movements associated with tectonic activity.
Surveys already completed in the Work Program
To obtain base-line data on vertical deformations, a network of firstorder leveling control has been established and surveyed. This net ties the Cerro Prieto area to bench marks at the international border. The base-line data for the horizontal components of ground movement will be obtained from a regional trilateration and a local network of precise horizontal control. The nets have been established and initially surveyed. The regional network ties with that in the Imperial Valley and continues considerably south of the Cerro Prieto system, The three survey nets will be reoccupied about a year after base-line data are obtained, and the networks will be surveyed periodically thereafter to detect crustal deformations.
The local nets cover the area surrounding the production field.
CONFERENCES
Organizations involved: CFE, DOE Objective: Make available to the international geothermal comunity the results of this multidisciplinary project.
General Scope
In addition to the technical reports, which will be issued in Spanish and English, annual conferences open to all interested parties will be organized.
These meetings will allow an open discussion and exchange of ideas between those active in the project and other geothermal specialists. be issued following the conferences. in California and Baja California, Mexico.
Proceedings will
The meetings will be held alternatively
Work Program
The "First Symposium of the Cerro Prieto Geothermal Field" will be held in San Diego, California, September 20-22, 1978. A trip to the Cerro Prieto field Will follow on September 23. The second CFE/DOE Cerro Prieto conference is tentatively planned for September 1979 in Mexicali; Baja California. Annual conferences on Cerro Prieto will continue over the life of the Mexican-American cooperative program. Presently, the agreement will terminate in July 1982, although it may be renewed and continued by mutual consent between CFE and DOE.
SUMMARY
The Mexican-American cooperative program of investigations at Cerro Prieto is one of the first international efforts to develop a comprehensive analysis of a liquid-dominated geothermal system. the execution of an official agreement on July 21, 1977, in Mexico City between the Comisi6n Federal de Electricidad (CFE) A d the U. S. Energy and Development Administration, which is now part of the U. S. Department of Energy (DOE).
This program was made possible through
Early exploration efforts at Cerro Prieto were started in 1959; and the first generation of power, 75 WJe, began in 1973. geological, geophysical, and chemical data has been collected by Mexican scientists and engineers.
border and the level of activities currently under way and planned for the future make this geothermal field an ideal project for cooperative investi.gations.
A wealth of information on
The proximity of Cerro Prieto to the Mexican-American
The program involves a series of field and laboratory studies on geologyhydrogeology, geophysics, geochemistry, reservoir engineering, reinjection, and subsidence at Cerro Prieto. cipating, with the Mexican activities being coordinated by CFE and the U. S. activities being coordinated by DOE. of technical reports, workshops, and scientific meetings. t i t l e and i n t e r e s t i n and t o any such invention, discovery,. p a t e n t a p p l i c a t i o n o r p a t e n t i n a l l c o u n t r i e s , subject t o a g r a n t t o t h e other P a r t y of a r o y a l t y -f r e e , non-exclusive, irrevocable l i c e n s e w i t h t h e r i g h t t o , g r a n t s u b l i c e n s e s , i n and t o any such i n v e n t i o n discovery, p a t e n t a p p l i c a t i o n , or p a t e n t ,
i n a l l c o u n t r i e s . 
Additional and repetitive field surveys
will continue and all information will be gathered into a model of the reservoir and the geologic structure.
-
Responsibilities.
A.
ERDA
(1) ERDA and CFE will jointly plan the geophysical surveys as aforementioned in the subtasks.
ERDA will have lead responsibility for conducting these field geophysical surveys (2) and data analysis. 
